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ABSTRACT
The semi-empirical equation of state
(P - Po) = K( —  -   (1)
Vr ^ Vr 2
has been tested for published experimental data on many 
substances, mostly hydrocarbons. The method of choosing 
reference point for equation (1), and the way to solve for 
at a given pressure are discussed. The temperature 
dependence of constants K and Q is investigated and suitable 
correlations proposed. Extrapolation of equation (1) is also 
studied. The equation is found to be satisfactory for most 
practical purposes.
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Chapter I 
INTRODUCTION AND LITERATURE SURVEY
The relationships between temperature, pressure and volume of 
gases have been quite well studied. The ideal gas law is almost universally 
accepted and it provides with a good initial approach to PVT studies.
As far as liquids are concerned, no generally accepted equation of state 
has been proposed yet. It is difficult to build an equation of state 
due to lack of understanding of the intermolecular forces and other 
molecular properties. Nonetheless, modern developments in industry
have made it necessary that some kind of techniques be developed to 
predict PVT relationship for liquids. Empirical and semi-empirical 
equations are therefore proposed. The first kind of empirical equations 
that were developed predict the volume change with temperature at a con­
stant pressure, especially under atmospheric pressure. Later, when high 
pressure research was developed and these processes used in industries.
empirical equations using temperature as a parameter were also proposed.
(2)
Among the early workers on high pressure research was Tait^^^,
who proposed an empirical equation with considerable success. Hudleston
proposed an intermolecular force function for liquidsand from it he
(3)derived an empirical equation of state. Benson and Golding worked 
out a reduced equation of state for both gases and liquids. Liquid 
densities of non-associated substances were reported to be predicted 
to within 4 ̂ . It was claimed that this equation represents a marked
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improvement over van der Waal and Berthelot's equation.
Many researchers make use of the fact that the principle of 
corresponding states has been extensively used in predicting volumetric 
properties and thermodynamic functions. Based on the modified form of 
the principle, Lyderson, Greenkorn and Hougen^^^ developed a generalized 
correlation for liquid densities of pure substances applicable over a 
wide range of temperature and pressure. This correlation has been thor­
oughly studied and found to be accurate within 5^ Lu^^^ used the
correlation of Hougen et al to develop a graphical method for evaluation 
of liquid densities. The only data needed for Lu's method are the crit­
ical constants Pc, Tc and V c , provided Zc> 0.24. However the chart does 
not hold when T^ approaches one for saturated liquids. Ewbank and Harden^ 
later modified Lu's chart and claimed that their modified chart is more
accurate than Lu's method. The data needed for prediction are Pc, Tc
(8)and the saturated liquid density. Yen suggested that the Lyderson-
Greenkorn - Hougen correlation is unsuitable for computer work for it
would take a large storage. Based on Hougen et al. correlation. Yen
developed an analytical formulation to calculate pure liquid densities
on a digital computer.
Francis^^^ made use of isochor (^) as a variable and devel-dT V
oped an empirical equation. The assumption made was that (^) wasO i y
independent of T and P. However is generally at least a weak function
of temperature and pressure. The greatest disadvantage of this corre­
lation is that (^) can not be easily evaluated, even if it can bedr V
assumed to be constant with respect to T and P.
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Chaudhuri, Mathur and Stager^ have proposed a serni-empirical 
equation based on Lennard - Jones potential function for non-polar sub­
stances. They have tested the equation with aldehydes and several other 
substances. They claimed that in certain cases, their equation worked 
better than Hudleston's equation.
AIM OF THIS STUDY
The main purpose of the present project was twofold. The first 
objective was to test if the semi-empirical equation, proposed by 
Chaudhuri et al.,
1 1 Q(P - Po) = K ]  (1)
Vr  Vr
really holds for all liquids. The second objective was to study the 
effect of temperature on K and Q for the substances for which equation 
(l) is valid. If correlations for K and Q can be developed, then equation
(l) with these auxiliary equations for K and Q can be considered as an 
equation of state utilizing a minimum of data points.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Chapter II
THEORY
LENNARD - JONES POTENTIAL FUNCTION
Lennard - Jones^^^^ proposed the intermolecular potential function 
for non-polar and spherical molecules to be
o 6h [ (-) - (--)]   (2)
where a is the intermolecular distance that would give zero §, r is the 
instantaneous intermolecular distance and h is an arbitrary constant. • 
From equation {2) it can be seen that when two molecules approach each 
other at a distance r, where r>0, $ is negative, or in other words 
the intermolecular force is attractive. As r decreases, $ decreases 
until it becomes zero at r = a , where no intermolecular force is 
assumed to exist. As r decreases to less than o, § is positive. Repuls­
ive force is exerted on one molecule by the other.
In this study, 'cr is assumed to be a reference point r^, which 
has a lower potential function relative to another point r. Thus follow­
ing Chaudhuri's d e r i v a t i o n ^ e q u a t i o n  (l) is obtained.
(P - Po) = K ( - ^  - - ^ )  ' ................................... (1)
Vr  Vr
Q
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Vr is the relative specific volume which is defined by equation (3).
' ' r =      (^1
Po, with its corresponding specific volume Vo, is the pressure reference 
point. For a given substance the arbitrary constants of equations (l) are 
assumed to be a function of temperature only. Some more details on 
functional dependence of K and Q will be given later.
The left hand term (P - Po) of equation (l) can be more meaningfully 
symbolized as (a P) , which is the pressure difference between the point 
of interest and the reference point. Using (a P), equation (l) becomes
AP = K ( - \  -  (4)
RANGE FOR Vr
Since equation (4) is developed to serve engineering purposes, 
it would be reasonable to define the range of Vr  according to both the 
practical situation and the restrictions arising from its algebraic form.
From correlationsobtained from experimental data, it is seen that 
Q is usually not an integer. With non-integer Q, the right hand term 
of equation (4) is real only when is greater or equal to one, ie
Vĵ  ^ 1. When Vr  > 1 the term [ ^  ] is negative. After raising
to a fractional power Q, this term will have a complex value. But the 
left hand term aP of equation (4) is always real. Therefore it seems 
that values of Vr  ̂ greater than one are not within the range of applic-
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ability of the equation. In order that Vr  ^ 1, Vo must be greater or 
equal to V, ie Vo must be a specific volume corresponding to a relatively 
lower pressure point.
Consideration from Lennard-Jones' proposal on their potential 
function help reveal a proper choice of reference point. They have 
assumed the intermolecular force to be repulsive when $ is positive.
Since a system under high pressure is considered, it would be reasonable 
to assume repulsive intermolecular forces to exist among the molecules.
It has been stated before that Vo is the specific volume at a point where 
the potential function § is lower than § at any other points. The pressure P 
corresponding to other point must therefore be greater than Po. On 
the other hand, Vo which is under a pressure Po would be greater than
V. The above discussion shows that the lowest pressure and largest 
volume point among the whole set of data should be chosen to be Po and 
Vo, and Vr will then be always less than or equal to one. The range for Vr  
is therefore 0 < Vr  ^ 1. As P approaches Po, Vr  approaches one and as 
p tends to infinity, V^ approaches zero, provided it can be assumed that 
the system remains in the same phase.
SOME MATHEMATICAL ASPECTS OF EQUATION (4)
The following discussion aims to locate the regions for which the 
curvature of equation (4) is concave upward or downward. An understand­
ing of the curvature of the equation will enable us to solve for Vr  by 
Newton Raphson's iterative method with the confidence that the iteration 
will converge.
The first derivative of equation (4) with respect to Vr  is
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. 2Q+1 Q-1
=  2KQ(— ) [ ^  - I] [1 - 2 —  ] . . . .(6)
The second derivative with respect to V r , from equation (5) is
dftoi . kq(q-i) ^  f ^  ^
dVR VR '̂ R VR
, , Q-1 1 , , 2Q+2
K Q [ ^  - [ 2 0 ^  - 6 ^ ]  = 2KQ( —  )
Vr  Vr  Vr  Vr
Q-2
[ - ^  - 1] [ 2(Q-1) (1- + ( - ^  - 1) - 3)1. .(7)
VR ' VR VR? VR
The range for equations (6) and (?) is 0 <Vr <1. It can be seen that 
equation (4) is symmetrical with respect to V p , but only the positive 
Vr  has a physical meaning. Several values of will give zero slope
to equation (6), depending on the value of Q.
(a ) Q ̂  1
For = 0, from equation (6),dVR
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.




(3) { - ^  - 1) =  0
Vr
VR = /2
(b) 0 < Q < 1
= 0 will occur at the following points
( 1 ) Vr =
(2) Vr  =  / 2
The terra (— ^  - l)^'^ = 0 does not exist for (b). For all Q none of the points 
which will give zero ~ i s  within the range specified. Thus equa-d\R
tion (4) has neither a maximum nor a minimum in the range 0 < Vr  < 1.
For the second derivative, two cases follow:
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
(a) Q S: 1 
d^(A ) Is positive for 0 < \R <1 .  Therefore the curvature of the
dVRequation within this region will be concave upward. The shape of the 
curve of equation (4) would look like Figure 1.
(b) 0 < Q < 1
d^(A ) ^  can be either positive or negative, depending on the value of
dV%V r . Comparing two of the terns of equation (7),
and
j 2 (Q - 1) { 1 - -^)^1 = Ie 1 
Vr
|( - 4  - 1) ( ^  - 3)1 = |F|
VR VR^
Ie j > |f | as V r  approaches one. Since Q <1, E is negative. Thus the
curvature would be concave downward as Vr approaches one.
As V' moves away from unity, E and F change at different rates.
At a certain point, jpj will exceed |e |, thus creating a positive value 
d^(A )for  in equation (7). This turning point can be proved by using
dVR^
approximation for different factors. As Vr decreases low enough.
















Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
11
- 3)
E and F can be approximated as
E = 2(Q - 1) .( 1 - )2 =   (8)
%
F = (  ̂„ - l) { - 3 ) PS T  (9)
VR V^ VR
Thus Pj > |E|, creating a positive —  ̂ ^ 5 ' in equation (?). The curv-
dVR
ature in this region would be concave upward till Vr  approaches zero. The 
shape for equation (4) with 0 < Q < 1 and 0 < V r  < 1 would look like 
Figure 2.
If we are interested in looking for V r  at which the curvature 
clianges, we can solve for equation (?) after letting it be zero. This 
yields
2(Q - 1) (1 - 2 ) + ( 2 -1) ( ^  “ 3) = 0  . . . .  (10)
V R  VR VR
J
Rearranging equation (lO) in ascending order of (—— )Vr
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(Q + 1) - (8Q + 5) —  + (8Q + 2) —  = 0  (11)
VR2 Va*
With a given value of Q, both real and imaginary roots of equation
(11) can be found by IBM subroutine.
The curvature turning point is, however, not of much importance 
if certain care ( which will be discussed later ) is taken in computa­
tional procedure.





As was discussed in Chapter II, Po is the lowest pressure point 
of the whole set of data because the equation can only be used to pre­
dict the specific volume at pressureshigher than Po. For this reason, 
we would like to choose Po as low as possible.
For substances that exist as liquids at atmospheric pressure 
and room temperature, either zero pressure or atmospheric pressure can 
be used as Po. But there is one difficulty in using zero pressure as Po. 
Since a liquid system with zero pressure is entirely hypothetical, a 
way must be developed to derive the hypothetical volume Vo. For engin­
eering purposes, the difference in specific volumes of liquid under zero 
and atmospheric pressure would be negligibly small. For this reason, 
choosing atmospheric pressure to be Po, as was done by Chaudhuri, will 
be sufficiently accurate. Another reason for this choice is that the 
specific volume data at atmospheric pressure is most widely available.
Some substances exist in gas phase under atmospheric pressure 
and room temperature. When the pressure of the system containing this 
kind of substance is increased, the density of the gas increases, until 
at some point liquid phase appears. This pressure at which liquid
phase appears is called the equilibrium pressure for the given temperature. 
For this kind of substance,ie one that is not in liquid phase under atmos­
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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pheric pressure at a particular temperature, the equilibrium pressure is 
selected as Po. This selection satisfies both criteria in that it is the 
lowest data point and that there are many sources for getting specific 
volume data.
CORRELATIONS FOR K AND Q
Since equation (4) is a semi-empirica1 equation, there is no way 
of.finding K and Q from other thermodynamic properties. The only way 
is to use published or known data points to find K and Q at a specified 
temperature and pressure range by regression method.
Equation (4) is rectified by taking logs on both sides.
1 ' 1
In (ap) = In K + Q ln[ ,, 4 - ,, 2 ] .......................(12)Vr Vr
or, Y = b^ + b^X  ...................  (13)
where Y — In (ap), b = In K, b = Q and X = [ ^ ~  ] . Equation
VR V*"
(13) is a linear equation on log - log coordinates. b and b^ are eval-
( 12)uated by Least Squares Method
Suppose bg and b% for a substance are known for a given range of 
pressure. For each given X, a Y can be evaluated from equation (13).
This evaluated value may not be the same as the experimental one. Let
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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the deviation between them be C'V» where i stands for the ith point in 
the whole set of data. Then
Cj: = Yi - (bo + biXi) ..........     (14)
where Y^ is the experimental point. The sum of squared deviations for
all points is
Ep 6i [Y± - (bo + biXi)]2   (15)
' i
where n is the number of data points. Taking partial derivatives of equ­
ation (15) with respect to b^ and b^ and equating them to zero, equations 
(16) and (17) are obtained.
%  Yi -nbo- biêxi = 0 ............................................... (16)
I I
5: XiYl -tkdlXi - biS^XiZ = 0   (17)
I I I
Solving equations (16) and (17) by Cramer's Rule
S  -XXlX(XiYi)
bo = -------:...............    (18)nlXi2 - CEXi)2
n:B(XiYi) XiSLYi 
bi = — - — :---------;----  '.................................  (19)nZXi2 - (£Xi)2
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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The summation of equations (18), (19) and of all other equations henceforth 
are from one to n.
In equation (4), pressure is termed as the dependent variable, 
while specific volume is an independent variable. The value of P can be 
easily evaluated from equation (4). Unfortunately, in practical situation 
pressure is usually known and it is the specific volume that needs to 
be predicted. Due to the non-integer power of Q, exact solution for 
Vr  would be difficult. Approximate solution is usually acceptable for 
practical purposes. So with the help of a computer, a numerical method for 
solving equation (4) is developed. The method chosen is Newton-Raphson*s 
iterative metnod. The reason for choosing it is that it is widely used, 
and once certain characteristics of the equation are known, the iterations 
can easily be made to converge.
NEWTON - RAPHSON'S ITERATIVE METHOD (13)
Any equation, which is a function of x, can be written in the form
f(x) = 0  (20)
For a given f(x), the values of x which can satisfy equation (20) are 
desired. It is necessary to assign an initial approximate value Z 
(Z is used as a dummy variable for x in the iterative processes) to 
start the iteration. The recurrence formula for the successive Z is 
given as
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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£(z )
■= \  - f ï ï z T ) ...................................... (21)
where k is the number of iterations. f'(Zj^) is the first derivative
of f(z, ) with respect to Z, . When k is zero, Z, is Z , which is the k k k o
assigned initial value. From Z^, Z^ is calculated from equation (2l). 
The iteration is repeated until Z^ tends to a constant, say a , which 
is the best approximation for f{x).
Rearranging equation (4) in the form of equation (20),
f(VR) = K - A p ............ (22)
VR VR
f  (V ) = 2KQ (r^) - 1]Q"1 [1 - - ^ 2 3  ' " * -(23)
^ 'R V r  E
Equation (23) is the same as equation (6). Thus for a given value of 
K, Q and P, we can choose a suitable Z^ to obtain an approximate value 
for Vr .
In assigning the initial value Z^, a value close to the true 
solution oc would be desirable, for this will increase the chance for 
the iteration to converge to a and also decrease the number of iterations. 
To estimate an approximate value for Z^ is not always easy. It would 
be better if we can find an alternative way where Z^ need not be in the 
neighbourhood of a but the iterations are still guaranteed to be con­
vergent.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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In tie range of 0 < Vr  < 1, the shape of the curve of equation (4) has 
been discussed in detail in Chapter II. Compare
Ap = K [ Ÿ ....................................... (4)
VR VR
and ICVr) = K f  - A p ...............................(22)
VR VR
The right hand sides of equation (4) and (22) differ by a constant Ap 
only. The shape of the curves of equations (4) and (22) will therefore 
be similar.
(a) Q ^ 1
Equation (22) will have the shape of Fig. 3. For a line whose curvature 
is concave upward, which is less than a will surely converge in the 
iteration. Therefore a sufficiently low value of Zq can be used to 
predict any set of data points.
(b) 0 < Q < 1
In region I of Fig. 4, same way of choosing Z^ as in (a) can be 
used. The curvature of region II is opposite to that of region I and so
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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is the technique of choosing Z^. should be greater than any a.
It can be seen from appendix A that most liquids possess Q greater
than one at all temperatures studied. For those whose Q-value is less than 
one, Q is still very close to one. The closer Q is to one, the smaller
is region II. Thus the selection of Z^ in the whole study is almost 
unique, ie Z^ < a.
DEPENDENCE OF K AND & ON TEMPERATURE
The previous section dealt with how to obtain K and Q for a given 
temperature. It is now necessary to find the relationship of K and Q 
to temperature so that equation (4) and the auxilliary equations for K 
and Q could work as an equation of state for liquids.
K and Q at different temperatures were plotted on linear coordinates. 
It was found that in many cases both K and Q vary linearly m t h  temperature. 
In some cases, a slight curvature is observed. The trend of Q is usually 
not as obvious as that of K. Sometimes, it is quite random. Because of 
this the equation proposed for Q is the linear equation.
Q = A + B T ..............................................   . . ( 23)
For K different simple equations have been tested. These equations are 
K = C + D T ..................................  (24)
-DT , ,K = Ce ....................................................(25)
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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D A
K - Ce  (26)
A, B, C, and D are arbitrary constants. It was found that equations (23) 
and (24) give the most satisfactory results. Therefore equations (23) 
and (24) are recommended. T is the temperature in degrees Kelvin. A,
B, C and D are evaluated by Least Square Method as described before.
Finally, with A, B , C and D one can predict the specific volume 
at any temperature and pressure within the ranges originally considered. 
ANALYSIS OF REGRESSION
Before discussing the regression technique, it is important to 
realize that the analysis g-ven in this study does not try to find the 
true model for which specific volume varies. That kind of analysis needs
( 14)more theoretical bases and other informations . The present analysis 
is based on the assumption that the observed pressure is related to spe­
cific volume in the form of equation (4). The degree of correlation 
between the two variables Y and X is expressed by a correlation coefficient
The correlation coefficient for equation (l3)
Yi -  b^ +  bjXi..................................................... (13)
is given as
nZXiYi - 2  Xil’Yi 
R = ■ ■    ■ ■ -  (27)
y  [n£Xi2 - (2Xi)2][nSYi2 _ (%Yi)2]
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R is 0 <: |r | ^ 1. If |r | is equal to one, it means the correlation is
perfect. When the variables are rot related, R would be zero.
CONFIDENCE LIMITS FOR INTERCEPT AND SLOPE
Since the regression is not perfect, it would be necessary to 
provide the confidence in the estimate of the true equation to the line. 
The confidence limits for a parameter with a specific level can be trans­
lated as the range into which the value of the parameter will fall, with 
the probability of being right expressed as confidence level. The con­
fidence limits for b^ and b^ of equation (l3) are given.below.
 ̂ s(x-x)
2 2where Sy = — ^—  . The number of degree of freedom u is (n - 2).
The confidence limits for b, are (b, -f tS, ). For a specified confident1 1 —  b 2
level, t can be obtained from statistical handbooks.
The confidence limits for the intercept b are (b + tS^ ).
The number of degree of freedom is (n - 2). The confidence limits on 
bĵ  are identical to that on Q, but for K they correspond to those on 
explbo + tSbo).
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In each correlation, the deviation of the prediction of equation 
(4) from the experimental value is offered as a means of direct comparison 
The deviation is expressed as percent error in compression by equation 
(28).
(V - V)
ERROR = -----—  X 100%   (28)
(Vo -V)
The average ERROR is then found for each temperature. The probable 
error is given as
X 100  (29)




Many published data have been used to test the equation of state. 
Most of these are hydrocarbons. Table I shows a complete list of sub­
stances studied, together with the range of temperature and pressure for 
which data are avalaible. It was observed that in most cases, both K 
and Q behave in a systematic way. K decreases with increase of temperature 
while Q usually increases with temperature. In some cases, however, the 
trend of Q was not obvious. For K, the only exception observed was 
water, for which K tends to be a maximum at about room temperature.
The behavior of K for water is peculiar, as is the behalior of many other 
physical constants of water, such as Ẑ ,. Table II shows the predictions 
for argon^^^^ at 134.5 °K, from equation (4), and equations (23), (24) 
and (4). Table III gives all K and Q values for liquid argon. Equation (4) 
and the experimental data for argon at 134.5 °K, are plotted in Figure 5, 
page 24.
For all substances, except water. A, B, C and D are evaluated. In 
two cases; argon above 149.06 °K and pentane^^^^ above 444.27 °K, the 
correlations for K fail. From Appendix A, it can be seen that the values 
of D for all substances are negative. For certain magnitude of temperature, 
the predicted K becomes negative. Negative K value are not permitted 
in equation (4). The complete tables for K and Q, A, B, C and D for 
all substances are given in Appendix A.
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Argon
Pc = 25.3134 Kg/cm2 
Vo = 1.011 g/cc 
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In order to see if equation (4) can be used for extrapolation to 
high pressure, argon water and acetone data were utilized.
The low pressure points were used to evaluate K and Q. These K and Q 
were then used to predict the specific volume at higher pressure.
Table IV shows the extrapolation results for argon at 134.5 °K.
In this work, IBM 1620 was used. The program .listings in 
Appendix B are for IBM 1620, but these programs can be readily changed 
to suit IBM 360.




Although Lennard - Jones potential function, on which the equation 
of state (4) is based, is true for non-polar substances only, the equation 
of state seems to be applicable to polar substances as well. The predic­
tions from the equation are accurate enough for engineering purposes.
The greatest advantages of this equation is that, if necessary, 
the reference point can be arbitrarily chosen. Interpolation within the 
original range can be performed by merely choosing the lowest pressure 
point as the reference point. The reference point, under normal circum­
stances, should be chosen as follows:
a) atmospheric pressure point for substances existing as liquids at 
this pressure.
b) equilibrium pressure for substances that do not exist as liquids under 
atmospheric pressure.
Equations (23) and (24) can not be used for extrapolation while 
extrapolation for equation (4) is permissible.








1 Argon 100-149 Saturated pressure 
to 2020 Kg/sq. cm
(14)
2 Water 273-573 Atmospheric pres­
sure to 12260 atm.
(16), (17) 
,(26)
3 Butyraldéhyde 303-333 Atmospheric pres­
sure to 2720 atm.
(18)
4 Butane 310-410 Saturated pressure 
to 10,000 psi.
(19)
5 Pentane 310-444 Saturated pressure 
to 10,000 psi.
(15)
6 Hexane 310-510 Saturated pressure 
to 10,000 psi.
(20)
7 Heptane 27 8-510 Saturated pressure 
to 10,000 psi
(21)
8 Nonane 310-510 Saturated pressure 
to 10,000 psi.
(22)
9 Methyl Alcohol 293-353 Atmospheric pres­
sure to 12000 Kg/cm^
(23)
10 Ethyl Alcohol 293-353 Same as above (23)
11 Propyl Alcohol 293-353 Same as above (23)
12 Isobutyl Alcohol 293-353 Same as above (23)
13 Amyl Alcohol 293-353 Same as above (23)
14 Ether 293-313 Same as above (23)
15 Acetone 293-333 Same as above (23)
16 Carbon Bisulphide 293-353 Samenas above (23)
17 Phosphorus tri­
chloride
293-353 Same as above (23)











293-313 Atmospheric pressure (23)
to 12000 Kg/cm^
293-353 Same as above (23)




310-408 Same as above (24)
22 13-n-Dodecylhexa-
cosane
310-408 Same as above (24)
23 1,1-Diphenylethane 310-372 Same as above (24)
24 1,1-Diphenylheptane 310-408 Same as above (24)
25 1,1-Diphenyltetra- 
decane
310-408 Same as above (24)
26 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 1 3 ,
14,15,16-Dodecahy- 
drochrysene
333-408 Same as above (24)
27 Perhydrochrysene 310-408 Same as above (24)
28 1,1-Di(alpha-decalyl) 
hendecane
333-408 Same as above (24)












Same as above (25)




Same as above (25)














38 9 (2-Phenylethyl)- 310-408
heptadecane






Atmospheric pressure (25) 
to 10337 bars
Atmospheric pressure (25) 
to 6890 bars
Atmospheric pressure (25) 
to 6546 bars
Atmospheric pressure (25) 
to 5512 bars
Atmospheric pressure (25) 
to 9647 bars
Atmospheric pressure (25) 
to 10337 bars
Atmospheric pressure (25) 
to 5512 bars
Atmospheric pressure (25) 
to 5857 bars
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Substance : Argon 
Temperature = 134.5 
Po = 25.3134 Kg/cm2 
Do = 1.011 g/cc 









D from eqs. 




214.1 1.188 1.1888 0.46 1.1790 -5.08
226.5 1.195 1.1951 0.06 1.1849 - 5.51
381.7 1.260 1.2593 -0.28 1.2457 - 6.16
543.1 1.310 1.3092 -0.27 1.2911 -6.31
704.9 1.350 1.3497 -0.09 1.3289 - 6.24
848.9 1.381 1.3805 -0.12 1.3576 - 6.33
856.0 1.382 1.3820 -0.01 1.3789 - 6.22
991.3 1.408 1.4076 -0.11 1.3828 -6.36
994.2 1.408 1.4081 , 0.02 1.3832 -6.24
1153.4 1.435 1.4351 0.03 1.4084 - 6.27
1286.9 1.456 1.4558 -0.04 1.4277 -6.36
1467.4 1.481 1.4814 0.09 1.4516 - 6.27
1621.7 1.501 1.5015 0.11 1.4702 - 6.28
1806.6 1.524 1.5238 0.03 1.4910 - 6.43
2006.0 1.545 1.5465 0.21 1.5117 -6.23
PE g/cc 0.897 2.641
Density = 1/V















101.11 2.3904 1.2041 3.823 1.300 .9997 .1205 470
105.81 1.9271 1.1933 5.269 1.266 II .1710 800
110.55 1.6190 1.1890 7.026 1.235 .9999 .0731 1300
120.08 1.0047 1.2616 12.398 1.48 II .1738 1700
124.87 0.8197 1.2764 15.808 1.110 II .0549 1800
129.68 0.6274 1.2972 19.941 1.065 II .0480 2000
134.5 0.4380 1.3222 25.313 1.011 .0563 2000
139.34 0.2782 1.3688 31.513 0.95 1.0 .0332 2000
149.06 0.0390 1.5239 46.804 0.74 .9999 .0188 2000
Data from International Critical Tables. Vol 3. p 203
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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TABLE IV EXTRAPOLATION FOR EQ.{4)
SUBSTANCE: ARGON
TEM PERATURE: 1 3 4 . 5 ° %
Po = 2 5 . 3 1 3 4  K g /c m 2  
Vo =  1 . 0 1 1  g /c in ^
K =  4 . 3  8 x l 0 2  K g /c ra 2  
Q =  1 . 3 2 2
PRESSURE 
Kg/cra^
DENSITY DEN. FROM 
E Q ( 4 )
ERROR
%
2 1 4 . 1 1 . 1 8 8 1 . 1 8 8 7 0 . 4 1 7
2 2 6 . 5 1 . 1 9 5 * 1 . 1 9 5 1 0 . 0 3 6
3 8 1 . 7 1 . 2 6 0  * 1 . 2 6 0 0 -  0 . 0 8 5
5 4 3 . 1 1 . 3 1 0  * 1 . 3 1 0 1 0 . 0 4 9
7 0 4 . 9 1 . 3 5 0 1 . 3 5 1 1 0 . 3 1 6
8 4 8 . 9 1 . 3 8 1 1 . 3 8 2 2 0 . 3 3 6
8 5 6 . 0 1 . 3 8 2 1 . 3 8 3 7 0 . 4 5 3
9 9 1 . 3 1 . 4 0 8 1 . 4 0 9 6 0 . 3 9 6
9 9 4 . 2 1 . 4 0 8 1 . 4 1 0 1 0 . 5 2 8
1 1 5 3 . 4 1 . 4 3 5 1 . 4 3 7 4 0 . 5 7 7
1 2 8 6 . 9 1 . 4 5 6 1 . 4 5 8 3 0 . 5 2 8
1 4 6 7 . 4 1 . 4 8 1 1 . 4 8 4 2 0 . 6 9 0
1 6 2 1 . 7 1 . 5 0 1 1 . 5 0 4 6 0 . 7 3 3
1 8 0 6 . 6 1 . 5 2 4 1 . 5 2 7 2 0 . 6 2 1
2 0 0 6 . 0 1 . 5 4 5 1 . 5 4 9 7 0 . 8 8 7
* data points used to obtain K and Q
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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263.16 10.0034 0.9904 0.9969 0.9996 0.5584 4 , 9 0 4
268.16 10.7550 1.017 8 0.9954 0 . 9 9 9 8 0 . 1 1 8 5 5,884
273.16 11.2919 1.0312 0.9946 0 . 9 9 9 9 0.0709 6,375
278.16 11.4318 1.0243 0 . 9 9 4 8 1 0 . 0 5 6 8 6 , 3 7 5
283.16 11.6107 1.0200 0 . 9 9 5 2 II 0.0436 7,355
2 8 8 . 1 6 11.7625 1.0184 0.9960 II 0.0308 8,336
293.16 11.8775 1.0161 0.9970 1 0.0222 8,826
298.16 12.0471 1.0178 0 . 9 9 8 2 II 0.0482 9,807
303.16 1 2 . 0 6 9 6 1.0161 0 . 9 9 9 5 0 . 9 9 9 5 0.2320 10,297
308.16 12.3212 1.0182 1.0011 0 . 9 9 9 9 0.0809 11,278
313.16 12.4160 1.0206 1.0030 II 0.0847 12,259
318.16 1 2 . 4 5 2 8 1.0199 1.0050 II 0.0901 II
3 2 3 . 1 6 12.4605 1 . 0 1 9 4 1.0072 II 0.0950 II
328.16 1 2 . 4 5 6 4 1.0221 1.0097 II 0.0933 II
333.16 12.4252 1 . 0 1 9 8 1.0122 M 0.1024 IS
338.16 12.3788 1.0190 1.0149 II 0.1094 II
343.16 1 2 . 3 0 6 8 1.0181 1.0177 0 . 9 9 9 8 0.1327 II
348.16 12.2387 1.0194 1.0208 0.1186 II
353.16 12.1746 1.0234 1 . 0 2 3 9 0.9999 0.1104 II
273.16 9 . 7 5 2 4 0 . 9 8 8 6 0.9951 0 . 9 9 9 9 0.0126 1,026
283.16 10.2960 0 . 9 8 7 3 0 . 9 9 5 6 II 0.0116
293.16 10.7105 0.9870 0.9973 II 0.0108 It
298.16 10.8529 0 . 9 8 6 8 0 . 9 9 8 5 it 0.0110 I!
303.27 10.9631 0.9864 1.0000 II 0.0111 II
313.16 11.1363 0.9873 1.0034 II 0.0111 II
323.17 11.1661 0.9870 1.0077 II 0.0117 II
333.16 11.2018 0.9897 1.0126 II 0.0109 II
343.16 11.0325 0.9883 1.0182 II 0 . 0 1 2 8 II
353.16 10.8630 0.9894 1.0244 It 0.0138 II
363.17 10.6490 0.9905 1.0311 II 0.0146
373.17 10.3664 0.9911 1.0384 II 0.0156 II
383.17 10.0409 0.9916 1.0464 II 0.0170 II














393.17 9 . 6 9 8 3 0 . 9 9 2 7 1.0549 0 . 9 9 9 9 0.0190 1,026
403.17 9 . 3 3 9 5 0 . 9 9 4 2 1.0640 0.0201
4 2 3 . 1 8 8 . 5 1 8 9 0.9960 1.0841 0.0250
373.16 10.8588 1.0225 1.0398 0 . 9 9 9 9 0.0112 1,500
423.16 8 . 9 8 9 0 1.0251 1.0844 0.0392 2,500
473.16 6 . 8 2 0 6 1 . 0 4 0 2 1.1483 II 0.0729 3,500
5 2 3 . 1 6 4.5352 1.0616 1.2409 If 0.1033 3,500
573.16 2 . 3 2 8 8 1.1276 1 . 3 9 8 4 It 0.1299 II




B e 0 0o 4J •H •H 600 to (0
60 04 04 om o
ro O O oo pv O o CNCN CN O o rH
O O o
CN O pH rH O4J U
O O O4J 0 4J U 0
W u
0) 0 0 0 0
U (0 M U CO
0 to 0 0 S COCO 0) (0 (0 0
(U CO CO to U
bO 0 Pu <D 0 040 u U u0 Cu o 04 04 O
u •H -H
'V W ■d dQ) <D 0) 0 0 0
U 4J 4J u rd0 0 04 0 0 04
in CO CO
in 0 o 0 0 o
<D 4J B U 4J Bu 0 u 0 0 u
Pa C/3 < C/3 C/3 C
0)u3
nJ
Utu tuE bOe c(U cd H  M
XrH OIO
I— t •X CJ
4-)
•H0p  3 
O  •T—i <UX uu p4








CT> CO o o o O CO CO CO CO CO CO CO CO CO CO CO CO 00 CO CN 00XT CO rH XT fH iH rH in m m m m rH CO m m tH in o o O P orH CO <T m m m CO CO CO CO CO CO CO CO CO CO CO NT <T n T CO
rH CO O o o 00 o CO CO CO CO CO CO CO CO CO CO CO O o o O oo o iH rH iH P-* rH ON ON cn cn cn cn cn ON ON ON cn fH H rH rH tHrH CO CO CO CO CN CO CN CN CN CN CN CN CN CN CN CN CN CO CO CO CO CO
CO <T m VO cn o 00 CO CO NT p^ rH o O 00 CN <T O CO rHPB o CN CO o CO tH iH m m vO CO in P tH fH O CN O CO ONps. CN o CO in CN CN in <r 00 CO rH o CO P CO 00 rH P ONCO (N CO 00 <r CO VO VO m fH Px VO VÛ CN fH pH O CN vO m m in
xf m CN iH rH CN CO CO m XT •‘d’ <T in in CO 1—I CO CO COCN CO CN CN
m CO vO rH CO ON CO CO CN fH VO O CN p ON CO 00 rH o VOCO m CO CN P-. m rH VO CO p. rH CO ON xf CN m in ON O tH vOm CO CO VO m fH CO <f vO o p~ <T p VO CO CN iH O O COo vD m CN rH P». VO P-. ON CN o m O CN p VO CN CO CN ON ON CSI
P-. o in CO o CO p~ pv m O CO CO o O CO fH ON CO CN O o oCN o CN rH CN rH iH CN CN CN iH CN CN CN CN rH iH rH CN CN CN
tH iH rH rH
VD 00 vO cn rH CO CN O CN m in P^ p~ m CO ON P -<r ON CN PI rH oiH CO O rH VO iH ON cn <T ON p~ fH ON m 1—i CO ON rH ON m COxf uo CO CO P-. H rH CO CN CO CN p. o CN O 00 CO P tHtH <r cn in vO VO CN iH CN fH CN o m p P CN P CO CN CN p
VO tH CN o o CN O o1 O O O O rH rH o O o O o o O O O
rH CO cn VO O m o fH CN VO VO P~ m CO CO CO cn xf p CN VO inCN CO iH m o O VO CN CO CO C'J VO vO rH 00 <t CO m rH CN iH CO p
CO 00 O 00 CO rH rH CN CN CN P. CN CN p VÛ CO m P ON CN ON VOm \o CN p-' ON iH CO CN O CN rH pH CO CO ON ON ON CN CO VO O 00 00




M 0 to 0
O 0 CO o 0 0
0 rH 0 o a 0 0
0
iH d rd 0 o 0 0 4J
O •H u u •H X rd 04o tH tH rd X H 0 0 0 4J 0
0 0 O fH O o 04 k 0 d 0 rd 0 X
0 d rd O rd Ü tH iH H d 0 vH 0 rH rH iHH d o rC o fH O 0 •d d M rd >> %CO rd X 0 u o o <3 rd to to B •H U iH u 0 0
X 0 0 0 Ü 0 tH o «H O •H 0 o d tH >N 0 0 0
0 d 0 0 0 0 0 < tH < iH O PQ U u o % o d rd rdCO iH 0 0 0 0 0 < % H 0 O pq M X 0 o 04 04
0 0 H 0 4J 0 rH H H C 0 0 rd 0 Q n •H •H
0 u 4J 0 X 04 0 >> H % 0 u o O 04 tH rH 03 n O1o % 0 0 0 0 O X 04 rû H 0 4.J rÛ to to ÎO 0 0
60 u pq Pa qq W 4J rC o O % rd 0 U o rd rd 0 rH rH
u 0 1 1 1 1 0 4J u to B u o 0 rd u 4J tH CO
< P0 0 0 0 0 0 îd w Pa M < w < o Pa W M P rH tH rH iH













■u 0 k 0 (1) p4 60
i gH  k
rH
1 p ON O O VO 00 CO p CO m <T o
o 00 CN CO ON CN p m 00 CO CO 00 o LO vO
rH CO <r CO CN o o fH ON p cn p
X 0 VO p P CN o ON CO 00 ino u


















































































0O0d0rd04H  0 0 d
o 3o  (U




X <u E  C 
i-> I (dE  W  UOJ 0)
X n  13
' g
0 iH




o  c X. rt0 o1 0) ou 13Cen (U
^  X.0 X  
X  H  O 0 
iH rH




d 0 0 04 do 0«H O0 0 tn d  u 01 kco 04 w  0
ON X
I I>, 00 d




g.S'E  X»0 +J ■H CCJ Q)X. E  <U O O C
1 rH cd 
rH u  u
(0 in in COk k k k0 0 0 0rû rO rO rû
rH vO CO PON tH O'00 m m VOVO vO m ON
o o o ok k k k
0 0 0 0k k k kd d d d
in CO CO CO
in CO in CO0 0 0 0k k k k04 04 04 04
Ü O 0 O•H •H •H •Hk k k k0 0 0 0rd rd rd rd04 04 04 04CO CO CO CO
o o o o
B B B Bk k k k
<3 < < <3
00 00 CO 00 00 00 00 00 00 00 00 00
o o o o O O O o o o o o
<T <r <f <»• <T <r
O CO o o O o O o o CO CO oH CO tH tH tH tH fH rH fH CO CO tH
CO CO CO CO CO CO CO CO CO CO CO CO
1 d p CO p cn 00 iH P p CO fH o vOo ON p <T m CO CO CO CN p o <t tH 00 p
tH • CO o CN cn CN in p CO vO 00 CN cn m o
X 0 p ON ON tH vD CO tH O o m P CO in tHCD k
(H <T o O O CN rH tH o <r m CO CN
tH CN CN CN CN CN CN CN CN CN tH iH fH CN
r4
CO P o O ON rH VO CO rH CN ON P CO O cn
O CN o CO VO CN <n VO CN in CN 00 iH o
tH tH vD in O VO VO p O cn vO 00 CN VO
X <> P 00 CO cn CO O ON p CO m 00 P CNpq
O o O O o tH tH O o iH tH tH fH fH
in o CO CN tH VO tH ON o cn m p
o ON o VO p cn CO m p P 00 tH CN in
<3 vO m CO P in P VO o P <r fH CN CN00 p p ON 00 vO P 00 cn vO vO m in p
o o o O o o O o o O o o o o
I Ien EQ)
rH rH
U  04d o 0 k04 04 O H rH >x O 4Jd

















X  (d 
E  u 
I a)CH 13 
CdOL q





k CO CO0 k k
X 0 0
X rûpCO CO PCO iH mo in CO1-4 m in
o o ok k k
0 0 0
k k k0 d d d60 CO CO (0C CO CO CO0 0 0 0k k k kO. P4 fx0
U 0 0 0d •H •H HCO k k k(0 0 0 00 rC rd rd
u P4 a (XCO CO COo o o





0 CO 00 00k o o o0 0 <T <)-a. 60 1 1 1
B d o CN CO0 0 rH m CO
H  k CO CO CO
rH O
1 CO vO ONO  P. CO <n fHtH • 00 CO VO




1 d CN CO COo rH vO Ot—I • CO o COX 0 VO mÜ  k
PH tH in NTCN fH tH
MCO 1 cn 00 in
O  o in vO CNrH VO CN PX O CN m vOpq w
tH tH tH
o CO OtH P CNCO in CN
< p in m
o O o








CO0 0 CN60 600 0PX cx COd0 0 o0 0 •HCO CO k0dX cr*0 0 0
vD p BO CN okcn •*d- m
<*- NJ-tH NJ- 10dIt I oH H •Hkk k 00 0 •H
XJrX rX 0k k ko O Pu
3 > 0o O rdk k H
rH tH•H •H0 0 0
Pa Ph X)
0 rd 0
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
55
APPENDIX B
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
c  C U R V E  F I T T I N G  F O R  L I N E A R  E Q U A T I O N  Y = A + Ü X  55
C  P R E S S U R E  V O L U M E  C O R R E L A T I O N
D I M E N S I O N  L P ( 3 5 ) , F V ( 3 b ) , P ( 3 5 ) , V ( 3 5 ) , V C A L ( 3 5 ) , V R ( 3 5 ) , X ( 3 5 ) , Y ( 3 S )  
D I M E N S I O N  E R R ( 3 5 )
D I M E N S I O N  T 1 ( 3 5 ) , T 2 ( 3 5 )
R E A D  4 0 6 ,  { T 1 (K ) ,!<= 1 , 3 5  )
R E A D  4 0 6 ,  ( T 3 ( K ) , K = 1 , 3 5 )
4 0 6  F O R M A T ( 1 0 F 6 . 3)
R E A D  1 , M  
1 f o r m a t ( 1 3 )
R E A D  1 7,  ( P ( 1 ) , I = 1 ,M)
13  R E A D  1 4 , N , P C , V O , T
14 F O R M A T (  I 3, 1 1 X , 3 E 1 4 . 8 )
I F ( N - 9 9 9 )  1 5 , 2 9 , 1 5
1 5  P U N C H  9 9 9
9 9 9  f o r m a t  ( 1 6 H S  L l E W  K O N  S E O N G )
P U N C H  10
10  F O R M A T ( / 5 X 3 8 H C 0 R R E L A T I  O N  O F  L I N E A R  E Q U A T I O N  Y = A  +  B X )
P U N C H  4 0
4 0  f o r m a t ( 1 0 X 8 8 H 3 Y  L E A S T  S Q U A R E  M E T H O D )
P U N C H  1 2
1 2  F 0 R M A T ( 1 X 2 Q H T E M P .  A S  A  P A R A M E T E R )
P U N C H  2 2 3  
2 2 3  F O R M A T ( / / 2 X 9 H S U 3 S T A N C E )
P U N C H  1 6 ,  T
1 6  F O R M A T ( / / I X 5 H A T  T = E 1 4 . 8 )
R E A D  1 7 ,  ( V ( I ) , I = 1 , N )
1 7  r O R M A T ( 5 E 1 4 . 8 )
C  S 1 = S U M . X , S 2 = 5 U M , ( X * X ) , 5 3 = S U M . ( X * Y ) , S 4 = S U M . Y
C  S 5 = S U M . ( Y * Y ) , S 6 = S U M . E P , S 7 = 5 U M . ( ( X ( I ) - X M N ) * * 2 )
5 1 = 0 . 0
5 2 = 0 , 0
5 3 = 0 . 0
5 4 = 0 . 0
5 5 = 0 . 0
5 6 = 0 . 0
5 7 = 0 . 0
P U N C H  6 0 1 ,  P u , V O  
6 0 1  F O R M A T ( 1 X ,3 H P 0 = E 1 4 . 8 , 3 H V 0 = E 1 4 . 8 )
P R I N T  6 0 0 , N  
6 0 0  F O R M A T ( 1 X , 2 H N = I 3 )
D O  6 0  1 = 1 ,N
V R ( 1 ) = V ( I ) / V D  
6 0  C O N T I N U E
D O  1 8  I = I , N
F V ( I ) = ( I . / V R ( I ) ) * * 4 - ( 1 . / V R ( I ) ) * * 2  
X ( 1 ) = L O G F ( F V ( I ))
Y ( 1 ) = L O G F ( P ( 1 ) - P 0 )
18 C O N T I N U E
D O  1 9  I = 1 , N  
5 1 = S 1 + X ( I )
S 2 = S 2 + X ( I ) * X ( I )
5 3 = 5 3 + X ( I ) * Y ( I )
5 4  = 5 4 + Y ( I )
5 5  = 5 5  + Y ( 1 )* Y ( I )
1 9  c o n t i n u e
C  S O L V I N G  F O R  S L O P E  A N D  I N T E R C E P T
C N  = N
C = C N * 5 3 - S 1 * S 4
S S X = C N * S 2 - 5 1 * 5 1
A = (5 2 * 5 4 - S l * S 3 ) / S S X
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B = C / 5 S X  57H 1NTER = E X P F (A )
P U N C H  2 0 ,  B , H I N T E P
2 0  F O R M A T ( 5 X 1 U H S L O P E  I S  E 1 5 . 8 , 5 X 1 4 H I N T E R C E P T  IS E 1 5 . 8 )
PUNCH 70
7 0  F O R M A K / 5 X 1 6 H A N A L Y S 1 S  O F  D A T A )
S O L V I N G  F O R  C O R R E L A T I O N  C O E F F I C I E N T
SSY=CN*55-S4*S4
S5XY=S5X*SSY
S D = S O R T F ( S S X Y )
R = C / S D  
P U N C H  2 1, R
21 F 0 R M A T ( 1 X 2 1 H C 0 R R E L A T I O N  C O E F F . R = E 1 5 . 8 )
P U N C H  2 2
2 2  F O R M A T ( / 1 X 6 1 H C 0 R R E L A T I O N  A C C E P T A B L E  A T  P E R C E N T  L E V E L  O F  S I G N I  
IF I C A N C E . )
F I N D I N G  C O N F I D E N C E  L I M I T S  F O R  S L O P E  
XMN=S1/CN
D O  2 3  I = 1 , N  •
E P ( I ) = Y ( I ) - ( A + d * X ( 1))
S 6 = S 6 + E P ( I )* E P ( 1)
S 7 = S 7 + ( X ( I)- XMN)*(X(I ) - X M N )
23 CONTINUE 
V A R Y = S 6 / <C N - 2 .)
V A R B = V A R Y / S 7  
S T D V = S Q R T F (V A R 3 )
V A R A = V A R Y * (1./ C N + X M N * X M N / S 7 )
S T D V 1 = S Q R T F (V A R A )
P U N C H  2 4 ,  S T D V
2 4  F O R M A T C 1 X 3 2 H S T A N D A R D  D E V I A T I O N  O F  S L O P E  IS E 1 5 . 8 )
P U N C H  3 0 ,  S T D V l
3 0  F O R M A T ( 3 5 H S T A N D A R D  DEVIATION OF I N T E R C E P T  I S  E 1 E . 8 )
K  = N - 2  
P U N C H  2 5
2 5  F O R M A T C / 1 X 3 0 H A T  5  P E R C E N T  C O N F I D E N C E  L E V E L , )
A M A X = A + T 1 ( K )*5TDV1
A M A X = E X P F (A M A X )
A M I N = A - T 1 ( K ) * S T D V 1  
A M  I N = E X P F (A M  I N )
P U N C H  2 8 ,  A M A X , A M I N  
13MAX = B + T 1  (K)*5TDV 
B M 1 N = B - T 1 ( K ) * S T D V  
P U N C H  2 6 ,  B M A X , 3 M I N
2 6  F O R M A T ( 1 X 3 3 H T H E  C O N F I D E N C E  L I M I T S  F O R  Ü  A R E  E 1 5 . 8 , 2 X 5 H A N D  E 1 5 . 8 )  
P U N C H  2 7
2 7  FORMATC/1X30HAT 1 P E R C E N T  C O N F I D E N C E  L E V E L , )
A M A X = A + T 2 C K )* S T D V 1
A M A X = E X P F C A M A X )
A M  IN  = A - T 2  C K )* S T D V  1 
A M I N = E X P F C A M l N )
P U N C H  2 8 ,  A M A X , A M I N
2 8  F O R M A T C 1X 3 3 H T H E  C O N F I D E N C E  L I M I T S  F O R  K  A R E  E 1 5 . 8 , 2 X 5 H A N D  E 1 5 . 8 )  
B M A X = 3 + T 2 C K ) * S T D V
B M I N = B - T 2 C K ) * s T D V  
P U N C H  2 6 ,  6 M a X , 3 M I N  
N l = N + 1 
0 = 0
I F  C Q — 1 * ) 4 v 7 , 4 0 8 , 4 v 8  
4 0 7  D O  4 10 I = 1 , M
V C A L  C I ) = 0 . 9 9 9 9  
4 l 0  c o n t i n u e
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G O  T O  4 0 9  58
4 0 8  D O  4 1  1 I = 1 »M  
V C A L ( I ) = 0 . 4  
4 11 C O N T I N U E  
G O  T O  4 0 9  
4 0 9  E R R S = 0 . 0  
S E R R = 0 . 0  
D O  3 0  1 I = 1 . M
3 0 2  F V C A L = ( 1. / V C A L C 1) )**4-(1» / V C A L ( 1))**2 
D F V C A L = - 4 . * ( 1. / V C A L C 1 ) )**5+2.*C1. / V C A L C I))**3 
F U N = H l N T E R * F V C A L * * 0 - P C 1 ) + P 0
D F U N  = H I N T E R * U * F V C A L * * C 0 - 1 .  ) *DFvCAL 
Z N = V C A L C 1 ) - F U N / D F U N  
D E L T A  = A ' 3 S F C 2 N - V C A L C  1 > )
IF  C D E L T A - . O u O u 1) 3 0 4 , 3 0 4 . 3 0 3
3 0 3  IF C D E L T A - I O O . )  3 0 8 , 3 0 9 , 3 0 9  
3 0 9  P U N C H  8 0 0
8 0 0  FORMATC1X17HVCAL I S  D I V E R G E N T )
G O  T O  3 0 1  
3 0 8  V C A L  C I ) = Z N  
G O  T O  3 0 2
3 0 4  VCALCI)=VCALCI)*VO 
I F C I - N ) 4 1 3 , 4 1 3 , 3 0 1
4 1 3  E R R C 1 ) = V C I )- V C A L C I )
■ ERRS=ERRS+ERRCI)**2
E R R ( I ) = 100.*ERRC I )/ A B S F  C V O - V  Cl))
S E R R = S E R R + E R R C I )
3 0 1  C O N T I N U E  
P U N C H  3 0 5
3 0 5  F O R M A T C / 5 X 1 H P , 1 4 X 2 H F V , 1 6 X 1 H V , 1 5 X 4 H V C A L , 5 X 1 6 H E R R 0 R  P E R C E N T A G E )  
P U N C H  3 0 6 ,  CPC I ) , F V C  I ) ,VC I ) , V C A L C  I ) ,E R R  V I ) , I = 1 , N )
3 0 6  f o r m a t  C E 1 4 . r i , 2 X , E 1 4 . 8 , 2 X , E 1 4 . 8 , 2 X , E 1 5 . 8 , 2 X , E 1 5 . 8 )
A V S E R R = S E R R / C N
P U N C H  4 12, A V S E R R  
4 12  F O R M A T C / I X , 2 8 H A V E R A G E  E R R O R  P E R C E N T A G E  IS E 1 5 . 8 )
E R R S = E R R S / C C N - 2 .)
E R R S =  1 OO.-x-SQRTF C E R R S )
P U N C H  4 0 5 , E R R S  
4 0 5  f o r m a t C / I X ,2 8 H S T A N D A R D  P E R C E N T A G E  ERROR I S E 1 5 . 8 )
1 F C M - N ) 4  1 7 , 4  1 8 , 4  17
4 1 7  P U N C H  4 14
4 14 F O R M A T C//IX31H I N T E R P O L A T  I O N  AND E X T R A P O L A T I O N )
P U N C H  4 15 
4 1 5  F O R M A T  C / 5 X ,  i H P ,  1 4 X , 4 H V C A L . )
P U N C H  4 16, CPC I ) , V C A L C  1 ) , 1 = N 1  ,M)
4 1 6  f o r m a t C E 1 5 . 8 , 2 X , E 1 5 . 8 )
4 1 8  G O  T O  13 
2 9  C A L L  E X I T
E N D
1 2 . 7 0 6 4 . 3 0 3 3 . 1 8 2 2 . 7 7 6 2 . 5 7 1 2 . 4 4 7 2 . 3 6 5 2 . 3 0 6 2 . 2 6 2 2 . 2 2 8
2 . 2 0 1 2 . 1 7 9 2 . 1 6 0 2 . 1 4 5 2 . 1 3 1 2 . 1 20 2 . 1 1 0 2.101 2 . 0  9 3 2 . 0 5 6
2 . 0 8 0 2 . 0 7 4 2 . 0 6 9 2 . 0 6 4 2 . 0 6 0 2 . 0 5 6 2 . 0 5 2 2 . 0 4 8 2 . 0 4 5 2 . 0 4 2
2  . 0 4 2 2 . Q 4 2 2 . 0 4 2 2 . 0 4 2 2 . 0 4 2
6 3 . 6 5 7 9 . 9  2 5 5 . 8 4  1 4 . 6 0 4 4 . 0 3 2 3 . 7 0 7 3 . 4 9 9 3 . 3 5 5 3 . 2 5 0 3 . 1 6 9
3  . 1 0 6 3 . 0 5 5 3 . 0 1 2 2 . 9 7 7 2 . 9 4 7 2 . 9 2 1 2 . o 9 8 2 . 8 7 8 2 . 881 2 . 8 4 5
2 . 8 3 1 2 . 8 1 9 2 . 8 0 7 2 . 7  9 7 2. 7 8 7 2 . 7 7 9 2 . 7 7 1 2 . 7 6 3 2 . 7  86 2 . 7 5 0
2 . 7 5 0 2 . 7 5 0 2 . 7 5 0 2 . 7 5 0 2. 7 5 0
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Q C U R V E  F I T T I N G  F O R  L I N c  A R  E Q U A T I O N S  Q = A 1 + B 1 % T ,  K  = A 2 + B2-X-T , Y=K*X**Q
D I M F N S I  O N  V ( 3 5 )  ,V C A L ( 3 5 )  ,V R  C 3 5 )  ,X ( 3 5 )  ,Y ( 3 5 )
D  I M E N S  I O N  E R R  ( 35 ) , F V (  3 ‘) ) , P ( 3 5 ) ,  E P  ( 3 5  )
D I M E N S I O N  T 1 ( 3 5 ) , T 2 ( 3 5 )
R E A D  4 ) 6 ,  (T 1 ( K ) , K = 1 , 3 5 )
R E A D  4 0 6 ,  (T 2 {K ) , K = 1 , 3 5 )
4 0 6  (“O R M A T  ( 1 Ù F 6 . 3  )
1 3  R E A D  6 1 ,M
61 F O R M A T ! 13)
IF ( 11-9 9 9 )  62,29,62
6 2  R E A D  17, ( X ( J ) , J = 1 , M )
R E A D  17, ( Y ( U ) , U = 1 , M )
5 1 = 0 .
52 = 0.
5 3  = 0 .




P U N C H  9 9 9
999 FORMATC 21H& L I E U  K O N  S E O N G ,  UO.V)
P U N C H  10
I 0 F O R M A T  C / 5 X 9 H Q  = A1 +i31 * T  )
P U N C H  11
II FORMATC5X9HK=A2+62*T)
P U N C H  12
12  FORMATC5X16HC P - P O )= K * F  C V ) )
P U N C H  403 
403 FORMATC//5X9HSU55TANCE)
D O  1 9  J = 1 , M  
S 1 = 5 1 + X C J )
52=52+XCJ)*XCJ)
S 4 = S 4 + Y C J )
19  c o n t i n u e
C S O L V I N G  F O R  S L O P E  A N D  I N T E R C E P T
C N  = M




P U N C H  3 0 ,  H 1 , A1
2 0  f o r m a t C / / 5 X 4 H 3 I  = L 1 4 . 8 , 5 X 4 H A  1= El 4 . 6 )
PUNCH 70
7 0  F O R M A T C / 5 X 16 H A N A L Y S IS O F  D A T A )
C  S O L V I N G  FOR CORRELATION C O E F F I C I E N T
SSY=CN*55-54*54 
5SXY=S5X*5SY
' S D = S Q R T F C S S X Y )
R = C / S D  
P U N C  H 2 1 ,  R
21 f o r m a t C 3 3 H C 0 R R S L A T I  O N  C O E F F .  O F  Q  O N  T IS El  4 . 3 )
PUNCH 22
2 2  F O R M A T C / 6 1H C O R R E L A T I O N  A C C E P T A B L E  A T  P E R C E N T  L E V E L  O F  S I G N I F l
1 C A N C E .)
C  F I N D I N G  C O N F I D E N C E  L I M I T S  F O R  S L O P E
X M N = S 1 / C N  
D O  2 3 3 = 1 , M
EPCJ)= Y C 3 ) - C A 1 + B 1 * X C J ) )
S6=S6+FPCJ)*EPCJ)
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S 7 = S 7 + ( X (J )- X M N ) * ( X (J ) - X M N )
2 3  c o n t i n u e :
V A R Y =36 / ( C N - 2 . )
VARf3 = VARY/S7 
STDV = SQRTF ( VARfJ )
V A R A = V A R Y * (1./ C N + X M N * x M N / 5 7 )
S T D V 1 = 5 0 R T F (V A R A )
P U N C H  2 4 .  S T D V
2 4  F O R M A T ( 2 9 H S T A N 0 A R D  D E V I A T I O N  O F  6 1  15  El 4 . 8 )
PUNCH 3 0 .  STDVl
3 0  f o r m a t ( 2 9 H S T M N D A R D  D E V I A T I O N  O F  A 1 1 S E 1 4 . 8 )
PUNCH 25
2 5  f o r m a t (/ 3 0 H A T  5 PERCENT C O N F I D E N C E  L E V E L . )
K = M - 2
A 1M A X = A  1 + T 1 (K )* S T D V 1 
A 1 Ml 1 N  = A 1 - T  1 ( K ) * S T D V  1 
P U N C  H 2 8 . A I I«1 A X  . A 1 Ml I N  
B1MAX=B1+T1(K)*STDV 
B1MIN=8 1-T1(K)*5TDV 
P U N C H  2 6 .  UIMAX.BIMIN
2 6  F O R M A T (3 4 H T H E  CONFIDENCE L I M I T S  F O R  31 ARE E 1 4 .8 .2 X 5 H A N D  E 1 4 . 8 )  
PUNCH 2 7
2 7  f o r m a t (/ 3 0 H A T  1 PERCENT CONFIDENCE L E V E L . )
A 1M A X  = A 1+ T 2 (K )* S T D V 1
A 1 MlN=A 1 - T 2 (K )* S T D V 1 
PUNC H 28, AIMAX.AIMIN
2 8  F O R M A T (3 4 H T H E  CONFIDENCE L I M I T S  F O R  A 1 ARE E 14.0 .2 X 5 H A N D  E14.8)
B 1M A X = B 1+ T 2 (K )*STDV
B1 Ml N = B  1- T 2  ( .< ) * S T D V  
PUNCH 26, HI M A X .B 1MIN 
S1=0.
52 = 0.
5 3  = 0 .
5 4  = 0.
5 5  = 0 .
56 = 0.
5 7  = 0.
R E A D  17, (Y ( J ) , J = 1 , M)
DO 4 19 J=1,M 
S 1= S 1+ X {J )
S 2 = S 2 + X (J)*X(J)
53=S3+X(J)*Y(J)
S 4 = S 4 + Y ( J )
S 5 = S 5 + Y (J )* Y ( J )
4 1 9  C O N T I N U E
S O L V I N G  F O R  S L O P E  A N D  I N T E R C E P T
C=CN*S3-S1*S4
SSX=CN*S2-S1*S1
A 2 = ( 5 2 * 5 4 - 5 1 * 5 3 ) / S S X
B2=C/SSX
P U N C H  4 12, B 2 . A 2
4 1 2  F O R M A T ( / / 5 X 4 H 3 2 =  E 1 4 . 8 , 5 X 4 H A 2 =  El 4 . 3 )
SOLVING F O R  C O R R E L A T I O N  C O E F F I C I E N T  
P U N C H  7 0
SSY=CN*S5-S4*S4 
5SXY=SSX*S5Y 
S D = S Q R T F <S S X Y )
R = C / S D
P U N C H  4 13, R
413 F O R M A T  ( 1 X 3 2 H C 0 R R E L . A T  I O N  C O E F F .  OF K ON T IS  E14.8)
P U N C H  2 2








9 0 0  
4 0  1
666 
1 7
1 6  
4 2 0  
1 02 
4 0 7  
4 1 0 
4 0 8  
4 1 1 
4 0 9
3 0 2
O F  8 2  IS El 4 . 8 )
El 4 . 8 , 2 X 8 H A N D  E 1 4 . 8 )
FINDING C O N F I D E N C E  L I M I T S  F O R  S L O P E  
X M N = S 1 /CN 
D O  4 14 J=1,M 
E P ( J ) = Y ( J ) - ( A 2 + 8 2 * X ( J ) )
5 7  = 5 7 + ( X (J )- X M N ) * ( X (J ) - X M N )
CONTINUE 
V A R Y = 5 6 / ( C N - 2 . )
V A R 8 = V A R Y / S 7
S T D V = 5 Q R T F (V A R Q 1 
V A R A = V A R Y * ( 1 . / C N + X M N * X M N / S 7 )
5 T D V 1 = 5 Q R T F (V A R A )
P U N C H  4 15, 5 T D V
F O R M A T ( 2 9 H 5 T A N D A R 0  D E V  I A T  I O N  
PUNCH 4 16, S T D V l
F O R M A T ( 2 9 H S T a n d A R D  D E V I A T I O N  O F  A 2  1S  El 4 . 8 )
PUNCH 25
A 2 M A X = A 2 + T 1 ( K ) * S T D V 1  
A 2 M I N = A 2 - T 1 ( K )* S T U V 1 
P U N C H  4 17, A 2 M A X , a 2 M I N  
B 2 M A X = B 2 + T 1 ( K ) * S T D V  
3 2 M  I N  = 8 2 - T  1 ( K ) -x S T D V  
P U N C H  4 18, B 2 M A X , 8 2 M 1 N
F O R M A T ( 3 4 H T H E  CONFIDENCE L I M I T S  F O R  8 2  A R E  E  1 4 . 8 , 2 X 5 H A N D  E 1 4 . 8 )  
PUNCH 2 7
A 2 M A X = A 2 + T 2 {K )* S T D V 1 
A 2 M I N = A 2 - T 2 (K )* S T D V 1 
P U N C H  4 17, A 2 M A X . A 2 M I N
F0RI/iA T  ( 3 4 H T H E  CONFIDENCE L I M I T S  F O R  A 2  A R l 
B 2 M A X = 8 2 + T 2 (K )* S T D V  
B 2 M I N = 3 2 - T 2 (K )* S T D V  
P U N C H  4 18, B 2 M A X , B 2 M I N  
D O  4 0 2  U = 1 , M  
R E A D  40 1, N,PO,V0,T 
F O R M A T ( I 3, 1 I X , 3 E 1 4 . 8 )
P R I N T  6 6 6 , N  
F O R M A T ( 2 H N = I 31 
R E A D  17, ( P ( I ) , 1 = 1 ,N)
R E A D  17, ( V ( I ) , I = 1 , N )
F O R M A T (5E14.8)
G = A 2 + B 2 * T  
0 = A 1 + 3 1 * T  
P U N C H  1 6 , T
F O R M A T ( / / 1 X 5 H A T  T = E 1 4 . 8 )
P U N C H  4 2 0 ,  P 0 , V 0
F O R M A T ( 1 X 4 H P 0 =  E 1 4 . 8 , 5 X 4 H V 0 = E 1 4 . 8 )
P U N C H  1 0 2 ,  G , Q
F O R M A T ( 1 X 3 H K =  E 1 4 . 8 , 5 X 3 H 0 =  E 1 4 . 8 )
I F ( 0 - 1 . )  4 0 7 , 4 0 8 , 4 0 8  
D O  4 10 1 =1 , N
V C A L ( 1 ) = 0 . 9 9 9 9  
C O N T I N U E  
G O  T O  4 0 9  
D O  4 1 1  I = 1 ,N  
V C A L ( I 1 = 0 . 7  
C O N T I N U E  
G O  T O  4 0 9  
E R R S = 0 . 0  
S E R R = 0 . 0  
D O  3 0 1  I = 1 , N
F V C A L = ( 1 . / V C A L ( I ) ) * * 4 - ( l . / V C A L ( I ) ) * * 2
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D F V C A L = - 4 . * ( 1 ./ V C A L ( 1 ) ) * * 5  + 2 . * (  1 . / V C A L ( I ) ) * * 3  
F U N  = G * F V C A L * X 0 - P (  1 )+Pn.i 
D F ’J N  = G * Q X F V C A L *  * ( 0 - 1 .  ) * O F  V C A L  
4 Z,\' = V C A L  ( 1 )- F U N / J F ' J N
D I : L TA  = A 8 S F  ( Z N - V C A L (  I ) )
IF (D E L T A - . C O U O 1) 3 0 4 , 3 0 4 , 3 0 3
3 0 3  IF ( D F L T A - I O O . )  3 0 8 , 3  0 9 , 3 0 9  
3 0 9  P U N C H  8 0 0
8 0 0  F O R M A T ( I B H V C A l  IS  D I V E R G E N T . )
G O  T O  3 0 1  
3 0 8  V C A L ( I ) = Z N  
G O  T O  3 0 2
3 0 4  V C A L ( I ) = V C A L ( I ) * V O  
E R R ( I ) = V ( I ) - V C A L ( I )
E R R S = E R R S + E R R ( I ) * * 2
E R R ( I ) = 1 0 0 . * E R R ( I )/ A B S F (V O - V ( I ))
S E R R = 5 E R R + E R R ( I )
3 0  1 C O N T I N U E  
P U N C H  3 0 5
3 0 5  f o r m a t ( / 5 X 1 H P , 16 X 1H V ,  1 5 X 4 H V C A L ,5 X 16 H E R R 0 R  P E R C E N T A G E ) 
P U N C H  3 0 6  , (P ( I ) , V  ( I ) , VCAL.( I ) , E R R  ( I ) , I = 1 , N  )
3 0 6  F O R M A T ( E 1 4 . 8 , 2 X ,E 1 4 . 8 , 2 X ,E 1 4 . 8 , 2 X ,E 1 4 . 8 )
C N l  = N
E R R S = E R R S / ( C N l - 2 . )
E R R S = 1 0 0 . * S O R T F ( E R R S )
P U N C H  4 0 5 , E R R S  
4 0 5  F C R M A T ( / 2 8 M S T A N D A R 0  P E R C E N T A G E  E R R O R  1 S E  1 4 . 8 )
P U N C H  4 2 1 ,  S E R R  
4 2 1  f o r m a t ( 2 6 H T U T A L  E R R O R  P E R C E N T A G E  IS  El  5 . 8 )
4 0 2  C O N T I N U E  
G O  T O  13 
2 9  C A L L  E X I T  
E N D
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12.706 4 . 3 0 3 3 . 1 8 2 2 . 7 7 6 2.571 2.447 2.365 2.306 2 . 2 6 2 2 . 2 2 8
2.201 2.179 2.160 2.145 2 . 1 3 1 2.120 2.110 2.101 2 . 0 9 3 2.086
2 . 0 3 0 2. 0 7 4 2.069 2.064 2.060 2.056 2.052 2.048 2 . 0 4 5 2 . 0 4 2
2.042 2.042 2.042 2. 042 2.042
63.657 9.925 5 , 3 4 1 4 . 6 0 4 4.032 3 . 7  0 7 3 . 4 9 9 3 . 3 5 5 3 . 2 5 0 3 . 1 6 9
3 . ’ 0 6 3.055 3.012 2.977 2 . 9 4 7 2.92 1 2.893 2 . 8 7 8 2.861 2 . 8 4 5
2 . o 3  1 2.8 19 2.8o7 2.797 2. 787 2.779 2 . 7 7  1 2.763 2.756 2 . 7 5 0
2 . 7 5 0 2 . 7 3 0 2 . 7 5 0 2.750 2.750
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N O M E N C L A T U R E
A, B: Constants for equation (23).
C , D : Constants for equation (24).
bo, : Constants for equation (l3).
K: Constant for equation (4), pressure unit.
Q: Constant for equation (4), diniensionless.
P: Pressure.
Po: Pressure reference point.
T r : Reduced temperature, T/Tc .
V: Predicted specific volume.
V: Experimental specific volume.
Vo: Specific volume reference point.
Vr : Relative specific volume defined by eq. (3).
X: Average of X.
Y: Average of Y.
Zg: Critical compressibility factor.
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